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We study, both experimentally and theoretically, electromagnetically induced transparency cool-
ing of the drumhead modes of planar 2-dimensional arrays with up to N ≈ 190 Be+ ions stored
in a Penning trap. Substantial sub-Doppler cooling is observed for all N drumhead modes. Quan-
titative measurements for the center-of-mass mode show near ground state cooling with motional
quantum numbers of n¯ = 0.3±0.2 obtained within 200 µs. The measured cooling rate is faster than
that predicted by single particle theory, consistent with a quantum many-body calculation. For the
lower frequency drumhead modes, quantitative temperature measurements are limited by apparent
damping and frequency instabilities, but near ground state cooling of the full bandwidth is strongly
suggested. This advancement will greatly improve the performance of large trapped ion crystals in
quantum information and quantum metrology applications.
Motivated by metrology and quantum informatic ap-
plications, along with the fundamental interest in con-
trolling quantum degrees of freedom, the preparation of
mechanical oscillators close to their quantum mechanical
ground state has been an active pursuit for three decades.
Early examples include cooling the high-frequency cy-
clotron motion of a single trapped electron [1] by refrig-
eration (i.e. coupling it to a cold environment), and laser
sideband cooling the lower frequency motion of single
trapped ions [2] and trapped neutral atoms [3]. More re-
cently, single, high-Q modes of macroscopic mechanical
oscillators have been cooled close to the ground state,
either by refrigeration when the mode frequency was suf-
ficiently high [4], or through sideband cooling [5, 6].
Simultaneously ground-state cooling many modes of a
macroscopic resonator or a large trapped-ion crystal re-
mains a challenge. Traditional sideband cooling has been
extended to cooling multiple modes of small ion crys-
tals [7, 8], but does not scale well as the number of ions
and modes increases. Electromagnetically induced trans-
parency (EIT) cooling [9–13] shows promise for greatly
extending the number of modes or motional degrees of
freedom that can be ground-state cooled, as was shown
for the radial modes of a linear string of 18 ions [14]. Here
we demonstrate experimentally and theoretically near
ground state cooling for all the axial drumhead modes of
two-dimensional crystals with more than 100 ions, giv-
ing us exquisite quantum control of a mesoscopic sys-
tem. Aside from the intrinsic interest in preparing larger
mesoscopic systems close to their quantum mechanical
ground state, ground state cooling improves the applica-
tion of large ion crystals for quantum computation and
simulation [15, 16] and for weak force sensing [17].
In general, EIT cooling takes advantage of the phe-
nomenon of coherent population trapping [18]. Two en-
ergetically lower lying states are coherently coupled by
two lasers to the same excited state with equal detuning
FIG. 1. (a) Schematic laser setup for EIT cooling. The
blue spheres represent the ions with their spins (arrows).
The beams generating the spin-dependent optical-dipole force
(ODF) (red) cross the ion plane at Θ = ±10◦, the EIT cool-
ing beams (blue) are counter-propagating relative to the ODF
beams. The ODF beams interfere at the position of the ions
and form a traveling wave potential (red fringes). (b) Level
diagram of 9Be+ in the 4.46 T magnetic field. The two ODF
beams couple to both hyperfine levels of the ground state and
have a frequency difference that can be stepped across the
drumhead mode frequencies.
∆ (Fig. 1). The couplings can be described by two excita-
tion amplitudes. The interference between these excita-
tion amplitudes leads to a Fano-shaped profile in the pop-
ulation of the excited state as a function of the frequency
of a weak probe [9, 10, 18]. The Fano-shaped profile fea-
tures both a zero in the absorption (dark state), where
the excitation amplitudes interfere destructively, as well
as a narrow absorption resonance which is on the higher
frequency side of the zero for blue detuning (∆ > 0). For
large blue detuning, the distance δ between the dark state
and narrow resonance is given by the light shift due to
the two lasers. By choosing the power of the laser beams
so that δ is equal to the motional frequency, the motion
subtracting sideband falls on the narrow absorption reso-
nance and is strongly enhanced, while the motion adding
2sideband is suppressed. Thus, the ions predominantly
scatter a photon while simultaneously losing a quantum
of motion, thereby cooling the system [9].
Our experimental setup is shown in Fig. 1. We use
Doppler laser cooling in a Penning trap, which employs
a strong, uniform magnetic field (B = 4.46 T) and static
electric fields, to form a single-plane Coulomb crystal
with N ≤ 200 9Be+ ions [19–21]. The spin-1/2 degree of
freedom is the 2S1/2 ground-state valence electron spin
|↑〉 (|↓〉) ≡ |ms = +1/2〉 (|ms = −1/2〉). At the magnetic
field of 4.46 T, the Zeeman splitting of this ground state
is 124 GHz. Global spin rotations are driven by a reso-
nant microwave source.
The ions are confined in the direction parallel to the
magnetic field by a harmonic electrostatic potential char-
acterized by a frequency (the center-of-mass (c.m.) fre-
quency) ωc.m./(2pi) = 1.59 MHz. The Doppler cooling
limit for 9Be+ of approximately 0.4 mK corresponds to
a mean phonon occupation number for the c.m. mode of
n¯ = 4.6 [22]. In a direction perpendicular to the mag-
netic field the ions are confined by the Lorentz force gen-
erated by the rotation through the magnetic field. The
rotation frequency is controlled with a ‘rotating wall’ po-
tential and set to produce a single plane crystal, typi-
cally ωrot/(2pi) = 180.0 kHz. For these single-plane crys-
tals, motion along the trap axis (i.e. parallel to z), is
described by N axial modes, which we refer to as the
drumhead modes [20, 23]. Furthermore, there are 2N
‘in-plane modes’ associated with motion in the plane of
the crystal (i.e. orthogonal to z) [24]. Only the drumhead
modes are utilized for applications such as quantum sim-
ulation and sensing, and we focus on EIT cooling of the
drumhead modes in this Letter.
For EIT cooling, the |↑〉 and |↓〉 states are coherently
coupled to the 2P3/2 |mJ = +1/2〉 excited state using two
lasers with 313 nm wavelength. The two lasers generat-
ing the EIT interaction are phase-locked with a frequency
offset equal to the spin-flip frequency (124 GHz) [25], and
intersect with the ion crystal at ±10◦ angles. The col-
limated beams have a 1/e2 diameter of 1 mm providing
an approximately uniform intensity over the entire crys-
tal (diameter < 250 µm for N < 200). To minimize the
interaction of the EIT beams with the in-plane motion,
the EIT ∆k vector is aligned normal to the crystal plane
(parallel to the magnetic field z axis), with an estimated
misalignment of < 0.2◦. Because the EIT beams are not
normal to the single plane crystal, the ion crystal rota-
tion produces a time-varying Doppler shift, which can be
several hundred MHz for ions on the crystal boundary,
and leads to an effective modulation of the detuning ∆.
We chose ∆ such that even with the largest Doppler shift
the lasers are still effectively blue detuned [23], typically
∆ = 400 MHz. We adjust the powers of the EIT beams
so that the light shift is equal to the c.m. mode frequency,
and the two Rabi frequencies are equal in order to max-
imize the cooling rate [10].
FIG. 2. a) Temperature measurement of the c.m. mode at
frequency ωc.m. = 2pi × 1.59 MHz for a crystal with 158±10
ions. The black diamonds are the measured fraction of ions
in the |↑〉 state after Doppler cooling only, and the blue dots
after Doppler cooling followed by 200 µs of EIT cooling. The
solid lines are least squares fits of Eq. (1) to the data. The
ODF interaction time was 2τ = 500 µs. The fitted mean
c.m. mode occupations are n¯Dop = 5.6 ± 1.1 after Doppler
cooling only and n¯EIT = 0.28 ± 0.18 after EIT cooling. The
increased background for the Doppler cooling is due to a larger
measured Γ resulting from the weak Lamb-Dicke confinement.
b) Same as a) but with a pi phase shift of the second ODF
pulse [25]. Here a shorter ODF interaction time of 2τ = 300
µs was used. The fits result in n¯Dop = 5.1 ± 0.8 and n¯EIT =
0.29± 0.17.
Complications such as the time-varying Doppler
shifts, insufficient separation of electronic and motional
timescales [23], and the simultaneous cooling of a large
number of ions interacting through many modes demand
careful numerical modeling of the potential efficacy of
EIT cooling in a Penning trap. Encouragingly, theory
[23] predicts the possibility of near ground-state cooling
for all the drumhead modes despite these challenges.
To measure the temperature of the drumhead modes,
we couple the axial motion of the ions with their inter-
nal spin degree of freedom using a spin-dependent optical
dipole force (ODF). The ODF is generated by two inter-
fering off-resonant laser beams with beatnote frequency
3µr leading to a traveling wave potential gradient along
the z-direction. The resulting coupling is described by
a Hamiltonian of the form Hˆ = F cos(µrt)
∑N
j=1 zˆj σˆ
z
j ,
where F is the ODF amplitude, and zˆj and σˆ
z
j are the
position operator and the Pauli spin matrix for ion j,
respectively. When the frequency µr matches a drum-
head mode frequency ωi, spin dephasing proportional to
the amplitude of the motion occurs [17]. To measure this
spin dephasing, we use a Ramsey-style sequence [25]. The
ions are prepared in the |↑〉 state, a resonant microwave
pi/2 pulse rotates the spins around the y axis to align with
the x axis, and the ODF produces spin precession for an
interaction time of 2τ . Midway through the ODF inter-
action, the spin precession is interrupted by a pi pulse,
implementing a spin-echo [25]. A final pi/2 pulse is ap-
plied that brings the ions to the |↓〉 state, if no dephasing
occurred. Spin dephasing leads to a finite |↑〉 state prob-
ability (denoted the bright fraction), which we measure
through state-dependent resonance fluorescence on the
Doppler cooling transition. The method is described in
detail in Ref. [26].
Figure 2 shows measurements of the bright fraction
with the spin-echo sequence as the ODF difference fre-
quency µr is stepped across the c.m. mode frequency
ωc.m.. A clear decrease in the bright fraction is observed
when Doppler cooling is followed by EIT cooling, indicat-
ing a decrease in dephasing due to the lower c.m. mode
temperature. To extract the mean c.m. mode occupation
n¯, we fit to an analytical expression [25] for the |↑〉 state
probability
P (|↑〉) =
1
2
[1− exp (−2Γτ)CssCsm] , (1)
where the coefficients Css = (cos(4J))
N−1 and
Csm = exp
(
−2|α|2(2n¯+ 1)
)
describe the phonon-
mediated spin-spin interaction, and the dephasing that
arises from spin-motion coupling, respectively. Here, N is
the number of 9Be+ ions and 2τ is the total ODF interac-
tion time. The spin-dependent displacement amplitude α
and spin-spin coupling J are functions of τ , the spin-echo
pi-pulse duration tpi, the optical dipole force amplitude
F and the frequencies µr and ωc.m. [25]. We determine
F from measurements of the mean-field spin precession
[15]. The decoherence rate Γ is mainly due to sponta-
neous emission and is measured with the same spin-echo
sequence but with the ODF beat note µr tuned far from
any drumhead mode frequencies so that Css = Csm = 1.
Figure 2 also shows least-squares fits of Eq. (1) to the
experimental measurements where ωc.m. and n¯ are free
parameters. From Eq. (1), the observed signal will in-
clude both a temperature-dependent spin-motion com-
ponent (Csm) and a spin-spin component (Css) that does
not depend on the temperature. For the measurements
after only Doppler cooling the signal is dominated by
motion-induced dephasing, in contrast to the EIT cool-
ing measurements where the spin-spin component dom-
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FIG. 3. EIT cooling transient for the c.m. mode of a crystal
with N = 190 ± 10 ions. The mean occupation of the c.m.
mode n¯ is plotted versus the EIT cooling time. The black
dotted line is an exponential fit to the data. The blue curve
shows the average cooling transient computed for single ions.
To approximately incorporate the radial crystal structure, we
compute single-ion transients for each distance in the crystal
from the trap center, and then average by weighting each
transient by the number of ions at that radius. The thickness
of the curve accounts for a 10% uncertainty in the powers of
the EIT lasers. Inset: Simulated c.m. mode cooling transients
for a single ion (blue) and a 19-ion crystal (red). The cooling
rate increases with ion number.
inates, giving rise to a distinct line shape. If the ODF
phase is shifted by pi for the second arm of the sequence,
the lineshape is altered and α and J are adjusted accord-
ing to the experimental sequence (Fig. 2(b) and [25]).
All observed line shapes agree well with the theoret-
ical predictions, enabling temperatures to be evaluated
through fits to the model (Eq. (1)). After EIT cooling
we obtain consistent measurements of n¯ = 0.28 ± 0.18
(without a phase shift) and n¯ = 0.29 ± 0.17 (with a pi
phase shift), demonstrating near ground state cooling for
the c.m. mode with greater than 100 ions. For Doppler
cooling only, occupancies of n¯ = 5.6 ± 1.1 (without a
phase shift) and n¯ = 5.1± 0.8 (with a pi phase shift) are
obtained, consistent with the Doppler cooling limit.
To determine a cooling rate for the c.m. mode, we mea-
sured the c.m. mode occupation n¯ for increasing dura-
tions of EIT cooling. Figure 3 shows measurements ob-
tained with a 2τ = 300 µs ODF interaction time and the
sequence employed in Fig. 2(b). The measured cooling
transient can be well described by an exponential with
1/e time of τcool = 27.6± 1.7 µs. The measured heating
of the c.m. mode is negligible on this time scale [25].
This measured cooling rate is faster than the average
rate expected from N independently cooled ions (blue
curve in Fig. 3). This observation is consistent with de-
tailed numerical simulations of EIT cooling with smaller
crystals, where the cooling rate of the c.m. mode is found
to increase with N [23]. The inset of Fig. 3 shows simu-
lated transients for the c.m. mode for a single ion and a
419-ion crystal, demonstrating an increase in cooling rate
with the number of ions. The simulations also repro-
duce the experimentally observed initial heating during
the first few microseconds, as the N = 19 curve in the
inset shows. The initial heating is caused by transient
internal transitions until the ions reach the approximate
dark state.
The broad bandwidth of EIT cooling enables simulta-
neous cooling of all the drumhead modes without chang-
ing the experimental parameters. Figure 4(a) shows
spin-dephasing measurements as the ODF difference fre-
quency is swept over the full bandwidth of axial modes
of a crystal with N = 158 ± 10 ions after only Doppler
cooling (red), and after Doppler cooling followed by 200
µs of EIT cooling (blue). The significant reduction in
the bright fraction over the entire bandwidth after EIT
cooling is suggestive of substantial sub-Doppler cooling
of all the drumhead modes.
A quantitative determination of the drumhead mode
temperatures in Fig. 4(a) is hindered by the large number
of modes and, except for the highest frequency modes,
the lack of resolved modes. Figures 4(b) and (c) summa-
rize an investigation of the drumhead mode temperatures
for a smaller crystal with N = 79 ions. Figure 4(b) shows
a theoretical calculation of the bright fraction using Eq.
(1) with an ODF interaction time 2τ = 600 µs, both
for Doppler cooling (green) and EIT cooling (orange)
where all modes are assumed to have a thermal occupa-
tion with n¯ = 6 and n¯ = 0.26, respectively. The calcula-
tion assumes stable mode frequencies and indicates that
for the parameters of the measurement the modes should
be partially resolved. This is to be contrasted with fig-
ure 4(c), which shows an experimental scan (blue curve)
over the drumhead mode bandwidth after EIT cooling
of an N = 79 ± 5 ion crystal, for which we quantita-
tively measure the mean occupation of the c.m. mode to
be n¯ = 0.26 ± 0.38. As in Fig. 4(a), a partially resolved
mode structure is only observed for the highest frequency
drumhead modes.
We model this lack of structure as being due to mode
frequency fluctuations, which could arise from micro-
scopic rearrangements of the ion crystal that are aver-
aged over the many repetitions of an experiment, or pos-
sibly from damping due to coupling between modes. We
expect frequency fluctuations from these sources to in-
crease with decreasing wavelength, which in general cor-
responds to decreasing drumhead mode frequency. In
Fig. 4(c), we plot the theoretical bright fraction (orange)
for the same crystal as in Fig. 4(b) assuming all the
modes are thermally occupied with n¯ = 0.26, but now
accounting for mode frequency fluctuations. By assum-
ing Gaussian fluctuations that increase linearly from 1
kHz for the second-highest frequency mode to 80 kHz for
the lowest frequency mode, the numerically computed
bright fraction is qualitatively similar to the experimen-
tally observed spectrum (blue, Fig. 4(c)).
FIG. 4. Scan over all the axial drumhead modes. a) The
red points are data taken with Doppler cooling, blue points
are data after Doppler and 200 µs of EIT cooling for a crystal
with 158±10 ions. The significant reduction in the amplitude
indicates a lower temperature of all the modes. b) Theoretical
calculation of the bright fraction for a crystal with N = 79
ions after Doppler cooling (green) and after Doppler and sub-
sequent EIT cooling (orange) c) Comparison of the measured
(blue) and the theoretically calculated (orange) bright frac-
tion for a crystal with N = 79± 5 ions. Here, the calculation
took into account mode frequency instabilities leading to the
loss of visibility of individual modes, and a 5% uncertainty in
the ODF amplitude F .
In order to quantitatively determine the average mo-
tional quantum numbers of individual modes beyond the
first few well-resolved modes, a detailed understanding
of the sources, magnitudes, as well as timescales of the
mode fluctuations is required. However, the qualitative
analysis of Fig. 4(c) strongly suggests near ground state
cooling for all the drumhead modes. In the future im-
proved modeling may enable a more quantitative anal-
ysis by including, for example, anharmonic corrections
that can lead to coupling of the drumhead modes to the
in-plane modes.
In conclusion, we have demonstrated near ground-state
EIT cooling of the entire bandwidth of drumhead modes
of large planar ion crystals in a Penning trap. Quantita-
tive measurements for the c.m. mode show mean occupa-
tions as low as n¯ = 0.3±0.2 within 200 µs, in good agree-
ment with expectations from a numerical model [23].
Further, the cooling is faster than predicted by single-ion
calculations, documenting the many-body nature of the
5cooling process. Fast cooling rates and very low steady-
state occupations enable EIT cooling to quickly initial-
ize the axial modes to very low temperatures, thereby
greatly improving the quality of quantum simulation and
quantum metrology protocols. This result greatly in-
creases the ion crystal size and number of phonon modes
that can be cooled near to the ground state. Future work
will study whether EIT cooling could be employed for
ground state cooling for three-dimensional crystals with
much larger numbers of ions.
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SUPPLEMENTARY MATERIAL:
NEAR GROUND-STATE COOLING OF TWO-DIMENSIONAL TRAPPED-ION CRYSTALS WITH
MORE THAN 100 IONS
EXPERIMENTAL DETAILS
For electromagnetically induced transparency (EIT) cooling of 9Be+ we used two commercial 1252 nm diode lasers,
which we phase-locked in the infrared with an offset of 31 GHz. The 1252 nm light was amplified, and then frequency
doubled, first to the visible (626 nm), and then to the UV (313 nm) via cavity-enhanced second-harmonic generation.
The large Zeeman splittings produced by the 4.6 T magnetic field enable a nearly ideal 3-level EIT coupling between
the ground state |2S1/2,−1/2〉, |2S1/2,+1/2〉 levels and a single excited state |2P1/2,+1/2〉. The Rabi frequencies Ω1
for the |2S1/2,−1/2〉 → |2P3/2,+1/2〉 EIT laser beam and Ω2 for the |2S1/2,+1/2〉 → |2P3/2,+1/2〉 laser beam were
separately adjusted by measuring the AC Stark shift on the 124 GHz transition with the laser frequency at 3.00±0.05
GHz from resonance. Approximately equal Rabi frequencies Ω1 ≈ Ω2 were chosen to maximize the cooling rate. For
a given blue detuning ∆, Ω =
√
Ω21 +Ω
2
2 was chosen to give optimized cooling on the center of mass mode ωz by
satisfying δ = ωz. Here δ =
1
2 (
√
Ω2 +∆2 − |∆|) is the distance between the dark state and the narrow absorption
resonance [1]. This typically required tens of milliwatts of laser power per beam for a detuning of ∆ = 400 MHz
and a 1/e2 diameter of 1 mm. The EIT beams were aligned so that δk was perpendicular to the plane of the ions
within ±0.2◦. The alignment was done by aligning the EIT beams to be counter propagating to the ODF beams.
The ODF beam δk vector was aligned perpendicular to the ion crystal plane following the procedure outlined in the
Supplemental Material of [2]. The EIT beam alignment was checked by confirming the lack of rotational sidebands
on stimulated Raman transitions driven by the EIT beams when detuned from resonance by 3 GHz.
Figure 1 shows the experimental sequence for EIT cooling and the temperature measurement. The ions are Doppler
cooled for 10 ms. Then EIT cooling is applied for typically 200 µs after which the ions are optically pumped into the |↑〉
state by turning off the |2S1/2,+1/2〉 → |2P3/2,+1/2〉 EIT laser 300 µs before the |2S1/2,−1/2〉 → |2P3/2,+1/2〉 EIT
laser. To measure the motion-induced dephasing, a spin echo sequence is then applied. The duration for microwave-
driven spin rotations by pi was tpi ≈ 80 µs. A spin-dependent optical dipole force was applied in the two arms of the
spin echo sequence using laser beams detuned from resonance by ≈ 20 GHz. For the detection of the spin state, the
Doppler cooling laser was used. A long detection time of 2.5 ms was chosen to achieve a precision that is limited by
spin projection noise [3]. At each ODF difference frequency, the sequence was repeated 50 - 100 times.
FIG. 1. a) Experimental setup for EIT cooling. b) Level diagram of 9Be+ in the 4.6 T magnetic field of the Penning trap, with
the lasers used in the experiment indicated with arrows. We show only the nuclear spin mI = 3/2 levels, which are prepared
experimentally through optical pumping. c) Experimental sequence. Pulse lengths not to scale. Doppler cooling and detection
are much longer than indicated. The pi
2
and pi pulses are implemented with resonant microwaves. The sequence was applied
without a phase shift φ0 = 0 and with a pi phase shift φ0 = pi between the two ODF pulses. A variable wait time was inserted
in the sequence to measure the heating rate.
2The heating rate of the c.m. mode was measured by inserting a variable wait time after the EIT cooling application
(Fig. 1). All lasers are switched off during the wait time. Some variability in the measured heating rate was observed,
but in all cases the c.m. mode heating rate was measured to be less than 100 quanta/s.
For the data shown in the figures of the main text, the detunings ∆ and Rabi frequencies Ω1, Ω2 for EIT cooling
are listed in Table I.
TABLE I. Detunings ∆ and Rabi frequencies Ω1, Ω2 that were used for EIT cooling in the measurements shown in the main
text.
Figure Detuning Ω1 Ω2
∆ in MHz in MHz in MHz
Fig. 2a) 400 35.3 ± 1.4 35.9 ± 1.4
Fig. 2b) 400 35.3 ± 1.4 35.9 ± 1.4
Fig. 3 490 35.3 ± 1.4 35.9 ± 1.4
Fig. 4a) 400 34.8 ± 1.4 37.1 ± 1.5
Fig. 4c) 400 34.6 ± 1.4 36.8 ± 1.5
NORMAL MODES
An N -ion crystal will support 3N normal modes of oscillation. For single-plane crystals in Penning traps, the
modes separate into three bands [4]. As discussed in the main text, there are N drumhead modes that describe
ion motion parallel to the magnetic field (z axis). The highest frequency and longest wavelength drumhead mode is
the center-of-mass mode at the trap axial frequency ωz. The next lower frequency drumhead modes are tilt modes
with an effective wavelength of approximately twice the ion crystal diameter. Because the single-plane crystals lack
translational symmetry, the wavelength of a mode is not precisely defined. However, lower frequency drumhead
modes are generally characterized by smaller regions where the ions oscillate in phase, corresponding to effective
shorter wavelengths. The lowest frequency drumhead mode consists of nearest neighbor ions in the center of the
crystal oscillating with pi phase shifts.
Planar Coulomb crystals have many configurations that are local minima of the potential energy landscape [5].
Crystal rearrangements, which would get averaged over many repetitions of the experiment, might lead to mode
frequency instabilities. We expect larger frequency fluctuations for shorter wavelength modes, because such modes
are more sensitive to the local crystal structure than longer wavelength modes whose frequency is almost independent
of the crystal configuration. Mode damping due to coupling between the drumhead modes and the low frequency
in-plane modes of the crystal (see next paragraph) could also produce apparent frequency fluctuations.
The in-plane modes separate into two dense bands. There are N low frequency E×B modes and N high frequency
cyclotron modes. Because of Doppler shifts due to the crystal rotation, Doppler cooling of the in-plane modes is
not as efficient as with the drumhead modes. With the ion crystal rotation frequency stabilized with a rotating wall
potential, modeling of Doppler laser cooling for motion perpendicular to the magnetic field indicates the likelihood
of in-plane temperatures T⊥ of a few milli Kelvin [6]. We did not measure T⊥ before or after EIT cooling. In
general measuring T⊥ is challenging because the thermal motion is very small compared to the coherent rotational
motion. Early work [7, 8], with three dimensional crystals that did not employ a rotating wall established a bound
T⊥ < 10 mK. Side-band spectroscopy on a far-detuned stimulated Raman transition could possibly provide a means
for careful measurements of in-plane temperatures [9]. Currently we do not have the capability of implementing both
EIT cooling and a far-detuned stimulated Raman transition. Future work implementing an in-plane temperature
measurement will be important for establishing the impact of EIT cooling on the in-plane modes.
ANALYTICAL EXPRESSION FOR THE BRIGHT-STATE FRACTION
As discussed in the main text, we employed spin dephasing induced by coupling ion motion to the spin degree of
freedom to measure drumhead mode temperatures. This technique is well known [10, 11] but not as routinely used
for thermometry with trapped ions as sideband thermometry [12]. Sideband thermometry uses motionally generated
sidebands on a narrow optical or far-detuned Raman transition for measuring temperatures. It has the nice feature
that the measurement has very little background at low temperatures, because there is no motion-subtracting sideband
in the motional ground state. Sideband thermometry with 9Be+ requires a far-detuned stimulated Raman transition
3between the ground state levels, which are separated by 124 GHz. As discussed in the previous section, we do not
have the capability of implementing both EIT cooling and a far-detuned stimulated Raman transition. Instead we
employed the spin dephasing for measuring ion temperatures.
In contrast to sideband thermometry, the spin-dephasing technique is sensitive to zero-point fluctuations and has
a background due to induced spin-spin interaction. Formulas for extracting temperatures with this technique were
derived previously in the limit that the induced spin-spin interaction could be neglected (valid for n¯≫ 1) [10]. Below
we derive formulas that include the induced spin-spin interaction.
In the Lamb-Dicke regime, the interaction of the ions with the ODF lasers is described by the Hamiltonian
Hˆ = F cos(µrt)
∑
j
zˆj σˆ
z
j , (1)
as mentioned in the main text. Here, the position operator for each ion is time-dependent, and can be expanded in
terms of the drumhead modes as
zˆj(t) =
∑
n
√
h¯
2Mωn
Mjn
(
aˆne
iωnt + aˆ†ne
−iωnt
)
, (2)
where ωn is the angular frequency, and aˆn, aˆ
†
n the annihilation and creation operators for the normal mode n. The
matrix element Mjn is the amplitude of the mode n at ion j. The ions each have identical mass M .
The effect of the spin-echo pulse can be viewed as a change in the sign of F in the second arm of the ODF sequence.
Further, an arbitrary phase offset φ0 can be introduced in the second-arm of the ODF sequence, which modifies the
lineshape. These features can be accounted for by the replacement cos(µrt)→ g(t), where
g(t) =


cos(µrt), t < τ
0, τ < t < τ + tpi
− cos(µrt+ φ0), τ + tpi < t < 2τ + tpi.
(3)
The propagator Uˆ(t) associated with Hˆ can be computed exactly, and can be factorized as Uˆ(t) = UˆSM(t)× UˆSS(t),
where the spin-motion propagator UˆSM(t) and the spin-spin propagator UˆSS(t) are given by
UˆSM(t) =
∏
n
exp

∑
j
(
αnj(t)aˆ
†
n − α∗nj(t)aˆn
)
σˆzj

 ,
UˆSS(t) = exp

−i∑
i6=j
Jij(t)σˆ
z
i σˆ
z
j

 . (4)
Here, the coupling constants are given by
αnj(t) = −iFMjn
√
h¯
2Mωn
∫ t
0
dt′g(t′)e−iωnt
′
,
Jij(t) = Im
∑
n
F 2MinMjn h¯
2Mωn
∫ t
0
dt1
∫ t1
0
dt2g(t1)g(t2)e
iωn(t2−t1). (5)
We evaluate these expressions within the rotating-wave approximation that |δn| = |µr − ωn| ≪ µr + ωn, where the
frequency δn = µr − ωn is the detuning of the ODF difference frequency from mode n. Specifically, at time 2τ + tpi,
the expressions evaluate to
αnj(2τ + tpi) = −FMjn
2δn
√
h¯
2Mωn
(
e−iδnτ + e−iφ0e−iδn(τ+tpi) − e−iφ0e−iδn(2τ+tpi) − 1
)
Jij(2τ + tpi) =
∑
n
F 2MinMjn
4δ2n
h¯
2Mωn
(2δnτ + sin(δn(2τ + tpi) + φ0) + sin(δntpi + φ0)
−2 sin(δnτ) − 2 sin(δn(τ + tpi) + φ0)) .
(6)
4For µr close to the c.m. mode (n = 1) frequency, here denoted ω1, the contribution of the other modes is negligible
because of the large detunings δn for n 6= 1. As a result, αnj ≈ 0 for n 6= 1 and the symmetric coupling of the c.m.
mode to all the ions results in α1j(2τ + tpi) ≡ α and Jij(2τ + tpi) ≡ J , independent of the ion numbers i, j, with
expressions
α = − F
2
√
Nδ1
√
h¯
2Mωz
(
e−iδ1τ + e−iφ0e−iδ1(τ+tpi) − e−iφ0e−iδ1(2τ+tpi) − 1
)
J =
F 2
4Nδ21
h¯
2Mωz
(2δ1τ + sin(δ1(2τ + tpi) + φ0) + sin(δ1tpi + φ0)− 2 sin(δ1τ)− 2 sin(δ1(τ + tpi) + φ0)) .
(7)
The lineshapes in Fig. 2(a) and 2(b) of the main text are obtained respectively with phase offsets of φ0 = 0 and pi.
The bright-state fraction P (|↑〉) =∑j 1/2(1− 〈σˆzj 〉), where 〈σˆzj 〉, the population difference after the final pi/2 pulse,
is equal to −〈σˆxj 〉 before that pi/2 pulse.
With the modes initially in thermal states characterized by mean occupations n¯n, and the spins initialized along
the x direction, the evolution of any observable can be computed using the propagator Uˆ(t) whose form is detailed in
Eq. (4) [13]. Specifically, the expression for 〈σˆxj 〉 evaluates to
〈σˆxj 〉 =


∏
i6=j
cos(4Jjk)

 exp
[
−2
∑
n
|αnj |2 (2n¯n + 1)
]
, (8)
which for µr close to the c.m. mode becomes independent of j and reduces to
〈σˆx〉 = (cos(4J))N−1 exp [−2|α|2 (2n¯1 + 1)] . (9)
Finally, accounting for free-space scattering at a rate Γ for the time the ODF lasers are turned on, we arrive at the
expression, Eq. (1) of the main text, for the bright state fraction at the end of the ODF sequence.
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